Background: GALNT, the initial enzyme in mucin-type O-glycosylation, plays critical roles in cancer etiology. Results: GALNT10-induced cellular proliferation was associated with EGFR activation mediated by down-regulation of miR-122 in HBV-associated HCC. Conclusion: A regulatory pathway of Hnf4␣/miR-122/GALNT10/EGFR may represent a possible mechanism underlying HBV-associated hepatocarcinogenesis. Significance: This finding provides a novel role for O-glycosylation in HCC pathogenesis.
nyltransferase-III and acetylglucosaminyltransferase-V in HCC were positively correlated with the malignant and metastatic potential of tumor cells (11) (12) (13) . In addition, the ␣-1,6-fucosylation of ␣-fetoprotein provides a more accurate diagnosis of HCC from chronic liver disease and a good monitoring and prognosis marker for the early diagnosis of HCC (14) . Our previous study revealed that hepatitis B virus x protein (HBx) promotes cancer behaviors by up-regulating ␤-1,4-galactosyltransferase-I in hepatocellular carcinoma cells (15) . However, the role of O-linked glycosylation in hepatocarcinogenesis has been overlooked because of the lack of consensus with the amino acid sequence of O-glycosylation and effective releasing enzymes for O-glycans (16) .
O-Linked glycans encompass diverse classes of glycoproteins. In mammals, the most common types are mucin-type O-linked glycans, which constitute up to 80% of the total amount of cell-surface carbohydrate antigens (17, 18) . Mucintype linkage (GalNAc-O-Ser/Thr) synthesis is initiated by a family of uridine diphosphate (UDP)-N-acetyl-␣-D-galactosamine (GalNAc) polypeptide:N-acetylgalactosaminyltransferases, which catalyze the transfer of GalNAc from the sugar donor UDP-GalNAc to the hydroxyl group of a serine and threonine residue. A total of at least 20 isoforms of this family has been reported and shown to have unique acceptor substrate specificities as well as tissue-specific expression patterns (19 -21) . Several lines of evidence indicate that changes in O-linked glycans allow neoplastic cells to differentiate, invade, and spread throughout the organism (20, 21) . The alteration of O-glycans attached to the epidermal growth factor receptor (EGFR) mediated by the down-regulation of GALNT2 plays a critical role in the malignant phenotype of HCC cells (22) . Moreover, overexpression of core 1␤-1,3-galactosyltransferase activates hepatocyte growth factor signaling in hepatocellular carcinoma (23) . Therefore, understanding the roles of O-glycosylation in hepatocellular carcinoma may provide novel insights into the pathogenesis of hepatocellular carcinoma.
A glycan determinant is produced by the concerted action of several related genes, making it difficult to elucidate the genetic regulatory mechanism for expression of some cell-surface glycans (24) . Accumulating evidence suggests that alterations of microRNA (miRNA) expression participate in diverse biological functions and in carcinogenesis (25) . miR-30d has been shown to negatively regulate GALNT7, and it exerts both proinvasive and immunomodulatory effects, which indicate a direct association between glycan alteration and the miRNA for malignancies (26) .
In this study, we identify the mucin-type O-glycosylation enzyme GALNT10 as a direct target of miR-122. Overexpression of GALNT10 correlates with HBV infection and a poor prognosis in HCC patients. Moreover, GALNT10 confers the malignant phenotype of HCC cells through modifying EGFR O-glycosylation and activating the PI3K/AKT signaling pathway. These data suggest that GALNT10 regulates the malignant growth of hepatocellular carcinoma cells and contributes to the pathogenesis of HBV-associated hepatocellular carcinoma.
MATERIALS AND METHODS
Cell Lines and Patient Samples-Human hepatoma cell lines Hep3B, PLC/PRF/5, HepG2, Huh7, SK-Hep1, BEL-7402, and BEL-7404 were obtained directly from Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS at 37°C in a humidified 5% CO 2 incubator. The cell lines have been characterized at the Shanghai Cell Bank by DNA fingerprinting analysis using short tandem repeat markers. All cell lines were placed under cryostage after they were obtained from the Shanghai Cell Bank and used within 6 months of thawing fresh vials. HBV producing HepG2.2.15 cells containing four copies of 1.1-fold HBV genome (genotype A) were derived from HepG2 cells as described previously (27) . 142 pairs of HCC and adjacent nontumor tissues, and an additional 20 pairs of HBV-associated HCC specimens and corresponding nontumor tissues were collected from HCC patients undergoing partial hepatectomy in Nantong Tumor Hospital (Nantong University, Jiangsu, China) from 2003 to 2005. Overall survival (OS) was defined as the interval between the date of surgery and the date of death or the last observation time. The last follow-up was May, 2012, with a median follow-up period of 33.6 months (range 1-80 months). Use of human tissues with informed consent was approved by the Institutional Review Board of Fudan University.
Plasmid Construction-The HBV replicon plasmid pHBV1.3 harboring a 1.3-fold HBV genome (subtype adw), the plasmids encoding HBx amplified from the HBV genome, and the HBV replicon plasmid ⌬HBx containing HBV genome mutant incompetent to express HBx protein were generated as described previously (27, 28) . Expression plasmids encoding wild-type GALNT10 with a Myc tag was kindly provided by Dr. Hisashi Narimatsu (National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan). An inactive GALNT10 mutant (GALNT10-DN) incompetent to localize to Golgi was constructed using the QuikChange kit (Invitrogen). Luciferase reporter plasmids containing the 5Ј-flanking region of miR-122 (Ϫ636/ϩ141) and the 3Ј-untranslated region of galnt10 (ϩ561/ ϩ2445) were constructed into pGL3-basic and pGL3-control plasmid, respectively. Human Hnf4␣ expression plasmid was obtained from Addgene (Addgene plasmid 31100) (29) . All plasmid constructs were confirmed by DNA sequencing. Primers used are presented in Table 1 .
Plasmid Transfection and RNA Interference-Transient and stable transfections with various plasmids were performed as described previously (28) . Short hairpin RNA (shRNA) against galnt10 shRNA (human) lentiviral particles, and corresponding control shRNA lentiviral particles (Santa Cruz Biotechnology, Santa Cruz, CA) were used for RNA interference as described previously (30) . Gene silencing effect was confirmed by Western blot and quantitative real time (RT)-PCR.
Bioinformatics-Three software programs, TargetScan 5.2, DINAN, and miRanda, were used to predict the potential target genes of miR-122-5p.
Enforcing or Reducing Expression of miR-122-5p in HCC Cells-To force expression of miR-122-5p in HCC cells, cells were transfected with precursor molecules mimicking miR-122-5p or scrambled sequence (Invitrogen), and to reduce expression of miR-122-5p, an inhibitor of miR-122-5p or a negative inhibitor control (Invitrogen) was transfected into hepatoma cells by using FuGENE HD transfection reagent (Roche Applied Science) according to the manufacturer's instructions. Experiments were repeated at least three times.
RNA Extraction and qRT-PCR-Total RNA from cultured cells and frozen tissue specimens were extracted using TRIzol (Invitrogen) according to the manufacturer's instructions. qRT-PCR assays were performed as described in our previous study (28) . GAPDH was used as an internal control. Furthermore, miR-122-5p expression was measured by using TaqMan miRNA assays (Applied Biosystems, Foster City, CA). U6 small nuclear RNA was used as an internal control. Experiments were repeated at least three times. The PCR primer sets used are shown in Table 2 .
Western Blot, Immunoprecipitation, and Lectin Blot Analysis-Western blot was performed as described previously (28) . Primary antibodies used included those against Hnf4␣, GAPDH (Santa Cruz Biotechnology), GALNT10 (Sigma), AKT, p-Akt (Ser-473), Mcl-1, Bcl-2, and Bcl-xl (Cell Signaling Technology, Beverly, MA). For lectin blot, the membranes were detected with biotinylated vicia villosa agglutinin (VVA), peanut agglutinin (PNA), and Jacalin. The immunoreactive bands were visualized using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA). For immunoprecipitation, the supernatant (2 mg of protein) was incubated for 1 h at 4°C with anti-EGFR monoclonal antibody (3 g/ml) (Santa Cruz Biotechnology). Protein G beads (30 l in 50% slurry) were then added, followed by incubation overnight at 4°C with a rotator. For lectin immunoprecipitation, the cell lysate was incubated with 50 l of VVA-agarose (Vector Laboratories, Burlingame, CA) for 4 h at 4°C, followed by washing three times with lysis buffer. Neuraminidase (New England Biolabs, Ipswich, MA) was used to remove sialic acid. The pulldown protein was then subjected to Western blot analysis.
Cell Surface Labeling and Immunoprecipitation-Cells were washed twice with ice-cold PBS and incubated with 1 mg/ml NHS-LC-biotin in PBS for 30 min at 4°C on a rocking platform. After washing with ice-cold PBS, cells were lysed, and cell-surface proteins were precipitated using 50 l of streptavidin-agarose at 4°C overnight and detected by Western blotting.
Cell Proliferation Assay-Cell proliferation was measured using the Cell Counting kit-8 (Dojindo, Kamimashiki-gun Kumamoto, Japan) according to the manufacturer's instructions. Before detection, cells were incubated with CCK-8 for 1 h. Cell proliferation rate was assessed by measuring the absorbance at 450 nm with the Universal Microplate Reader (Bio-Tek Instruments, Minneapolis, MN).
5-Bromo-2Ј-deoxyuridine Incorporation Assay-Cells cultured in a 35-mm dish were added 10 M BrdU (Sigma) in the medium 30 min before harvesting. Cells were trypsinized and fixed with ice-cold 70% ethanol. For BrdU incorporation analysis, cells were incubated with 10 l of anti-BrdU FITC, (347583, BD Biosciences) in the presence of 100 g/ml RNase for 30 min at room temperature in the dark. BrdU incorporation was determined in the FACSCalibur TM (BD Biosciences). The percentage of BrdU-positive cells relative to total cells was determined by using the Cell Fit Program (BD Biosciences).
Caspase 3/7 Activity Assay and Annexin V Apoptosis Assay-Caspase 3/7 activity assay and annexin V/propidium iodide staining were performed with caspase-Glo 3/7 assay (Promega, Madison, WI) and annexin V-FITC apoptosis detection kit (BD Biosciences) as described previously (31) .
Luciferase Activity Assay and Flow Cytometry-Luciferase activity assay was performed with Dual-Luciferase TM reporter assay system (Promega, Madison, WI) according to the manufacturer's instructions. The co-expressed Renilla luciferase activity was used for the normalization of transfection efficiency. Flow cytometry was performed as described previously (32) (33) (34) . Briefly, single cells were incubated with FcR blocking reagent (Miltenyi Biotec, Auburn, CA) for 15 min at 4°C and The abbreviations used are as follows: GALNT10, UDP-N-acetyl-␣-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 10; WT, wide type; Mut, mutant.
Primer name
Sequence (5 to 3)
a This is an inactive form of GALNT10. 
stained with phycoerythrin-conjugated anti-EGFR antibody (Abcam, Cambridge, MA) for 1 h at 4°C. Samples were washed with PBS supplemented with 1% BSA, and data were acquired with FACSCalibur (BD Biosciences).
ChIP Assay-ChIP was performed using the EZ-ChIP chromatin immunoprecipitation kit (Millipore, Billerica, MA) following the manufacturer's protocol. Immunoprecipitation complexes were immunoprecipitated with an Hnf4␣ antibody (Santa Cruz Biotechnology) and mouse IgG antibodies (Millipore, Billerica, MA) overnight at 4°C. The captured genomic DNA was obtained and used for qPCR analysis. Ten percent of total genomic DNA from the nuclear extract was used as input. The primers used for detection of the miR-122 promoter sequence were as follows: 5Ј-GACCTGTCTTCTCTGCCT-CGG-3Ј and 5Ј-GGGGGAGGGAGGGCACGAC-3Ј. Amplification efficiency was calculated, and the data were expressed as enrichment related to input.
In Situ Hybridization (ISH)-Paraffin-embedded liver tissues were deparaffinized and rehydrated through an ethanol series. Slides were washed in PBS containing 3% H 2 O 2 for 30 min to quench endogenous peroxidase activity. After proteinase K digestion for 5 min, slides were fixed in 4% paraformaldehyde and rinsed in PBS. Slides were incubated in hybridization buffer for 2 h at 60°C. Probes for miR-122-5p or scrambled miRNA control (50 nM; digoxigenin-labeled LNA probes) (Exiqon, Vedbaek, Denmark) were mixed with hybridization buffer, heated to 90°C for 4 min, chilled on ice, and added to the sections, followed by incubation overnight at 60°C and stringent washes in wash buffer (50% formamide in 2ϫ saline/sodium citrate and PBS plus Tween 20 (PBST)). For the alkaline phosphatase reaction, alkaline phosphatase substrate (nitro blue tetrazolium/5bromo-4-chloro-3-indolyl-phosphate) was used, and the slides were mounted in aqueous mounting medium. Signals in tumor cells were visually quantified using a scoring system from 0 to 300, multiple intensities of signal, and percentage of positive cells (signal: 0 ϭ no signal; 1 ϭ weak signal; 2 ϭ intermediate signal; and 3 ϭ strong signal; percentage: 0 -100). Patients were dichotomized into high and low expression subgroup according to medium intensity score.
Immunohistochemistry (IHC)-IHC on formalin-fixed and paraffin-embedded sections was performed, as described previously (35) , using rabbit polyclonal antibody against GALNT10 (Sigma). The staining intensity of each specimen was assessed by two pathologists blinded to the clinicopathological information. A semi-quantitative H-score ranging from 0 to 300 was calculated for each specimen by multiplying the distribution areas (0 -100%) at each staining intensity level by the intensities (0, negative; 1, weak staining; 2, moderate staining; and 3, strong staining) (36) . Patients were dichotomized into a high and low expression subgroup according to medium intensity score.
Statistical Analysis-Experimental data were presented as means Ϯ S.E. of at least three independent replicates by analyzing with Medcalc software (version 12.7.0.0, Medcalc, Mariakerke, Belgium) and assessing comparisons between different groups by the Student's t test and one-way analysis of variance. Differences between scatter plots for evaluated scores of IHC staining or ISH in tumor tissue sections were determined by nonparametric Mann-Whitney test. Survival was calculated starting from the date of death or last follow-up. Survival curves were estimated using the Kaplan-Meier method, and the logrank test was used to compute differences between the curves. The correlations between GALNT10 with miR-122 staining obtained by IHC or ISH were determined using Spearman correlation test. Differences were considered significant at values of p Ͻ 0.05.
RESULTS

Decreased miR-122 Correlates with Poor Prognosis in Patients
with HBV-associated HCC-miR-122, a diagnostic and prognostic marker for HCC progression, was significantly downregulated in patients with HBV infection. Therefore, we decided to investigate the clinical relevance of miR-122 in HBV-associated HCC patients. We first detected miR-122 expression in a panel of 142 primary liver tumors and matched nontumor surrounding liver tissues by ISH. We observed that miR-122 expression was significantly decreased in HBV-associated HCC tissues compared with those without HBV infection (p Ͻ 0.001). Furthermore, the expression levels of miR-122 were decreased in HCC samples compared with the corresponding nontumor tissues (p Ͻ 0.001) ( Fig. 1, A and B) . Validation by real time PCR on RNA from an additional 20 pairs of HBV-associated HCC specimens and corresponding nontumor tissues showed that the expression of miR-122 was down-regulated 16/20 (80%) of the HCC specimens ( Fig. 1D ). We next investigated the relationship between miR-122 expression and clinicopathologic features in patients with hepatocellular carcinoma. As shown in Table 3 , the level of miR-122 closely correlated with HBV infection (p ϭ 0.004), tumor size (p ϭ 0.019), venous invasion (p ϭ 0.035), and tumor differentiation (p ϭ 0.037). A Kaplan-Meier survival analysis showed that the survival rates of HCC patients with low miR-122 expression were significantly lower than those with high miR-122 expression (p ϭ 0.001, Fig. 1C ). Collectively, these data suggest that miR-122 is frequently down-regulated in HBV-associated HCC and indicated a poor survival in HCC patients.
We detected miR-122 in eight human hepatoma cell lines, and HepG2.2.15 cells with endogenously driven HBV replication had lower miR-122 expression ( Fig. 1E ). Further studies revealed that HBV replication with HBx expression significantly inhibits miR-122 expression compared with that without HBx expression ( Fig. 1F ). These data suggest that HBV infection inhibits miR-122 expression mainly due to HBx expression.
GALNT10 mRNA Is a Bona Fide Target of miR-122-To identify the miR-122 target, we used miRNA target-predicting algorithms (TargetScan, DIANA, and miRanda) based on the presence of the binding site in 3ЈUTR. Among the predicted and validated genes, we took special interest in the 10 glycosyltransferases. In parallel, we found that GALNT10 expression was significantly down-regulated in HepG2 cells transfected with miR-122 mimics ( Fig. 2A) . Analysis of the 3Ј-UTR of galnt10 revealed one highly conserved miR-122-binding site ( Fig. 2B) . Treatment with the miR-122 mimic significantly reduced the activity of firefly luciferase with the wild type but not the miR-122-binding site mutant 3Ј-UTR of galnt10, although the anti-miR-122 increased the luciferase activity but not mutant 3Ј-UTR ( Fig. 2C ). Both gain-of-function and lossof-function analyses verified a suppressive effect of miR-122 on the expression of endogenous GALNT10. HepG2 and SK-Hep1 cells were chosen for enforcing the expression of miR-122, because the cell lines exhibit lower levels of miR-122. Conversely, miR-122 silencing was performed in Huh7 and BEL-7404 cells because the cell lines exhibit miR-122 constitutive expression. miR-122 mimic-transfected HepG2 and SK-Hep1 cells decreased the mRNA and protein levels of GALNT10, whereas the depletion of endogenous miR-122 in Huh7 and BEL-7404 cells by its inhibitor led to an increase of GALNT10 level (Fig. 2, D and E) . We then examined the effect of HBV infection on GALNT10 expression. Significant increases of GALNT10 expression were detected in Huh7 and BEL-7404 cells following ectopic expression of HBV plasmid pHBV1.3 (Fig. 2F ). Collectively, these data show that GALNT10, a direct target of miR-122, is up-regulated following HBV infection.
GALNT10 Promotes Proliferation and Apoptosis Resistance of Hepatoma Cells Dependent on Glycosyltransferase Activity-
To investigate the role of GALNT10 in the hepatocarcinogenesis, we first analyzed GALNT10 expression in eight hepatoma cell lines by Western blotting. Consequently, SK-Hep1 expressed higher levels of GALNT10, whereas Huh7 expressed lower levels of GALNT10 in these cell lines (Fig. 3A) . Therefore, SK-Hep1 and Huh7 were chosen to knock down and overexpress the GALNT10 expression, respectively. Stable GALNT10 knockdown in clones 1 and 2 compared with control SK-Hep1 cells was confirmed by Western blot analysis, and SK-Hep1-shGALNT10 clone 1 was selected for further investigation because of a better efficiency (Fig. 3B) . Mock, GALNT10-WT, and GALNT10-DN stable transfectants were obtained from the pooled colonies of Huh7 cells transfected with empty vector, GALNT10-WT, and GALNT10-DN plasmids, respectively ( Fig. 3B ). GALNT10 knockdown was found to inhibit cellular proliferation of SK-Hep1 cells, whereas overexpression of GALNT10-WT but not GALNT10-DN promoted proliferation of Huh7 cells (Fig. 3, C and D) . To further characterize the potential role of GALNT10 in survival, GALNT10 knockdown increased the apoptosis rate in SK-Hep1 cells under serum starvation, whereas overexpression of GALNT10-WT but not GALNT10-DN reduced apoptosis rate in Huh7 cells (Fig. 3, E  and F) .
A previous study has proved that miR-122 overexpression attenuated cellular proliferation (37) . We hypothesized that miR-122 might inhibit hepatocyte proliferation through modulation of GALNT10. As shown in Fig. 4A , miR-122 mimics significantly reduced proliferation of SK-Hep1 cells but not in GALNT10 knockdown cells. Moreover, depletion of miR-122 by its inhibitor led to a significant increase in cell proliferation in Huh7 cells but not in GALNT10 shRNA-transfected cells (Fig. 4B) . These data indicate that miR-122 might suppress cell proliferation through down-regulation of GALNT10.
Furthermore, we investigated the role of GALNT10 in the hepatitis B virus-induced tumorigenesis. pHBV1.3 transfection promoted SK-Hep1 cell proliferation, which was almost abolished by co-transfection of miR-122 or GALNT10 shRNA (Fig. 4, C and D) . Furthermore, transfection with pHBV1.3 in SK-Hep1 cells increased survival under serum deprivation, which was largely abolished by simultaneous transfection of miR-122 or GALNT10 shRNA (Fig. 4, E and F) , indicating that the miR-122/GALNT10 pathway participates in HBV-induced tumorigenesis.
Clinical Correlation of miR-122 with GALNT10 and Patient Outcome-The pathological significance of GALNT10 in HCC is still unknown. Analysis of the GALNT10 protein expression in HCC tissues using immunohistochemical staining revealed an inverse relationship between miR-122 and GALNT10 expression (r ϭ Ϫ0.417, p Ͻ 0.001, Fig. 5, A and B) . Patients with high GALNT10 expression had significantly reduced OS (p Ͻ 0.001, Fig. 5C ). In an analysis of the prognostic indicator, patients with concomitantly lower miR-122 and higher GALNT10 were found to have the poorest OS (Fig. 5D ). These results indicate that GALNT10 expression is inversely correlated with miR-122 expression and the overall survival of HCC patients.
Hnf4␣ Orchestrates miR-122 Down-regulation in HBV-infected Hepatoma Cells-To further investigate the mechanism of HBV-mediated miR-122 down-regulation, luciferase activity assay was employed. HBV infection has inhibitory effects on miR-122 5Ј-UTR luciferase activity, which was partly reversed by ⌬HBx (Fig. 6A ). We then analyzed the sequence of the promoter region of miR-122. Consequently, several potent binding sites upstream of the miR-122 promoter were defined as described previously (38) . There exists a predicted Hnf4␣binding site on the upstream region of the miR-122 promoter (Fig. 6B) . As Hnf4␣ is a positive regulator of miR-122, we wondered whether HBx inhibited miR-122 expression in an Hnf4␣dependent manner. Further studies revealed a significant reduction of the recruitment of Hnf4␣ at the promoter of miR-122 in HepG2.2.15 cells compared with HepG2 cells, as well as in Huh7 cells stably transfected with HBx compared with control vector-transfected cells (Fig. 6C) . Consistent with the aforementioned phenomenon, HBV infection repressed Hnf4␣ mRNA and protein expression in an HBx-dependent manner (Fig. 6, D and E) . Furthermore, HBV infection and HBx expression-induced reduction of miR-122 promoter activity could be reversed by Hnf4␣ overexpression (Fig. 6F) . These data suggest that Hnf4␣ participates in the HBV-induced miR-122 down-regulation.
GALNT10 Intensifies Glycosylation and Activation of EGFR-To further determine the role of O-glycosyltransferase activity in the oncogenic role of GALNT10, lectin blot was employed to examine the short O-glycans. A decreased binding of VVA lectin to glycoproteins was observed in SK-Hep1 cells with GALNT10 stably knocked down, whereas increased binding of VVA lectin in Huh7 cells with exogenously expressed GALTN10 but not its inactive form was observed. Moreover, the binding of PNA and Jacalin lectin to glycoproteins in hepatoma cells with altered GALNT10 expression had no changed (Fig. 7A ). Because a previous study indicated that EGFR carries O-glycans, we wondered whether EGFR could be modified by GALNT10. Our data showed that genetic inhibition of GALNT10 reduced EGFR expression on the cell membrane, Hnf4␣/miR-122/GALNT10 Axis in HBV-associated HCC JANUARY 9, 2015 • VOLUME 290 • NUMBER 2
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whereas overexpression of wild-type GALNT10, not the inactive form of GALNT10, led to increased surface retention of EGFR (Fig. 7, B and C) . Moreover, knockdown of GALNT10 diminished binding of VVA to neuraminidase-treated EGFR, whereas overexpression of GALNT10-WT but not GALNT10-DN increased binding of VVA to neuraminidase-treated EGFR, indicating that sialyl-Tn is presented on the EGFR (Fig. 7D) . Because activation of the PI3K/AKT pathway has been demonstrated to be a downstream event of EGFR signal, we then investigated the effects of GALNT10 on the activation of the PI3K/AKT pathway. The levels of phosphorylated AKT, Mcl-1, and Bcl-2 were diminished in GALNT10 knockdown cells and increased in GALNT10-WT but not in GALNT10-DN overexpression cells (Fig. 7E) . These results suggest that GALNT10 enhances EGFR membrane retention via O-glycosylation, thus activates PI3K/AKT signaling.
GALNT10 Silencing Increases Sorafenib and Doxorubicin Sensitivity of Hepatoma Cells-Sorafenib, an oral multiple tyrosine kinase inhibitor, has been approved for use in advanced HCC. EGFR activation is a potential determinant of primary resistance of hepatocellular carcinoma cells to sorafenib (39) . Therefore, we have further confirmed the effects of GALNT10 on the sensitivity of sorafenib. Control short hairpin RNAtransfected and short hairpin GALNT10-transfected SK-Hep1 cells were treated with sorafenib for 48 h. The apoptotic index was calculated using flow cytometry. The results showed that the apoptotic index was significantly increased in stably GALNT10 knocked down SK-Hep1 cells (Fig. 8, A, left panel,  and B) . Overexpression of GALNT10 decreased the apoptosis index following sorafenib treatment in Huh7 cells, which was reversed by GALNT10-DN (Fig. 8A, right panel, and C) . A previous study reported that restored miR-122 expression increases sensitivity to doxorubicin challenge (37) . Thus, we investigate the effect of GALNT10 on the sensitivity of doxorubicin in hepatoma cells. Consistent with aforementioned results, the apoptotic index was significantly increased in GALNT10-knockdown SK-Hep1 cells and reduced in Huh7 cells stably transfected with GALNT10-WT but not GALNT10-DN during doxorubicin treatment (Fig. 8, A-C) .
DISCUSSION
Accumulating evidence suggests a linked deregulation of miRNA expression with liver cancers, but studies related to HBV-related HCC are limited. In this study, we confirmed miR-122 abundance is significantly repressed in HBV-associated HCC, and we further elucidated the transcriptional inhibition of miR-122 by down-regulation of Hnf4␣. This suppression of miR-122 levels correlates with etiology, tumor size, venous invasion, differentiation grade, and poor prognosis. More importantly, we demonstrated that down-regulation of miR-122 leads to increased expression of its target galnt10, which thus promoted HCC cell growth and survival.
miR-122 has been identified as a critical regulator of hepatic gene expression and is implicated in several important aspects of liver pathobiology, including lipid metabolism, hepatocarcinogenesis, and HCV replication (40, 41) . The level of miR-122 is decreased in patients with HBV infection (42) , but the mechanism underlying is not fully elucidated. Song et al. (43, 44) reported that HBx conferred epigenetic down-regulation of miR-122 by peroxisome proliferator-activated receptor-␥⅐ retinoid X receptor ␣ complex through interaction with the co-repressors and H3K9 histone methyltransferase (SUV39H1) in HCC cells. In addition, Li et al. (45) reported that HBV mRNAs act as sponges to bind and sequester endogenous miR-122 to facilitate HBV replication. The promoter region of the miR-122 gene contains specific binding sites for liver-enriched transcription factors, such as hepatocyte nuclear factor-1␣ (Hnf1␣), Hnf3␤, and Hnf4␣, which regulate miR-122 transcription (38, 46, 47) . Here, we indicate that HBV infection inhibited the endogenous level of Hnf4␣ due to HBx protein, thus leading to the transcriptional repression of the miR-122 promoter and inhibition of miR-122 expression. In support of this notion, recent work showed that HBx activates interleukin-6 (IL-6) production, whereas signaling to Stat3 leads to production of more miR-24 and miR-629, which keeps Hnf4␣ inactivation (48, 49) .
In an attempt to identify the underlying molecular mechanisms responsible for the impact of miR-122 on oncogenesis, we used microRNA target prediction algorithms on genes negatively correlated with miR-122. Consequently, an evolutionarily conserved binding site for miR-122 was detected in the 3Ј-UTR of GALNT10 mRNA. Interestingly, GALNT10 is not the only target of miR-122 relevant to HBV-associated HCC. Fan et al. (50) reported that miR-122 inhibits viral replication and cell proliferation in hepatitis B virus-related hepatocellular carcinoma by targeting NDRG3, a member of the N-myc downstream-regulated gene family. Li et al. (45) found that hepatitis B virus mRNA-mediated miR-122 inhibition up-regulates pituitary tumor-transforming gene 1 (PTTG1) binding factor, which promotes HCC cells growth and invasion. In addition, Wang et al. (42) also found that the miR-122 target cyclin G1 is overexpressed in chronic hepatitis B. Nevertheless, in this study the promoting effect of HBV on cellular proliferation and apoptosis resistance was shown to be largely dependent on the regulation of miR-122 and GALNT10. Accumulating evidence suggests that miRNA maybe a principal regulator in the regulation of specific glycan biosynthetic enzymes. Mahal and co-workers (51) revealed critical nodes in the global glycosylation network accessible to microRNA regulation, providing an miRNA regulatory map for glycogenes both in the N-linked and O-linked glycosylation pathways, among which galnt1, galnt7, fut4, fut8, and manea are predicted to be highly regulated genes. Changes in microRNA may underlie the altered glycosylation observed in dynamic processes in cancer phenotypes (52) . Bernardi et al. (53) reported that fucosyltransferase 8 (FUT8), catalyzing core fucosylation, was regulated by miR-122 and miR-34a during hepatocarcinogenesis. Galnt7 was revealed to be regulated by miR-378 (54), miR-30b/d (26) , miR-214 (55), miR-17 (56) , and miR-34a/c (57) . This study identified galnt10 as a direct target of miR-122.
Aberrantly glycosylated mucins, carrying Tn among others, often alter the function of glycoproteins, such as antigenic property, and the potential of cancer cells to invade and metastasize (58) . The expression of Tn and sialyl-Tn antigens has been detected in human hepatocellular carcinoma (59, 60) . EGFR O-glycosylation was shown to be modified by GALNT10 with overexpression in HCC, and previous finding showed that EGFR O-glycosylation could be regulated by GALNT2 (22) .
The possible reason for this inconsistency is that many GALNTs appear to have a hierarchical relationship with one another, such that one enzyme cannot attach an N-acetylgalactosamine until an adjacent serine or threonine is glycosylated by a different GALNT. Thus, co-expression in the same cell of GALNTs with complementary and partly overlapping acceptor substrate specificities probably ensures efficient O-GalNAc glycosylation (24) .
GALNT10 was first cloned as a homolog of human GALNT7 and found in the restricted expression (small intestine, stomach, pancreas, ovary, thyroid gland, and spleen) (61) . The repertoire of GALNTs expressed in cells varies with cell type, differentiation, and maturation and is associated with substantial changes in expression of individual GALNT during malignant transformation (62, 63) . Disregarding the relatively lower assembly of GALNT10 in liver, GALNT10 was up-regulated by HBVinduced down-regulation of miR-122 and exerted an oncogenic function during HCC progression. Moreover, previous studies suggested that glycosylation on HBV structural proteins, including both N-and O-glycosylation, may exert a crucial role in the assembly, secretion, and infection of HBV (64 -66) . Whether GALNT10 is involved in the O-glycosylation of HBV structural proteins or not needs to be investigated in the future. HBV replication is inhibited by miR-122 through the inhibitory effect of p53 on HBV transcription (42) . Conversely, miR-122 is down-regulated by HBV and leads to the increase of GALNT10 expression in our study. p53 stability was coordinately regulated by O-linked N-acetylglucosamine (O-GlcNAc) and O-phosphate modifications (67) . Both O-GlcNAc and O-GalNAc modification happen at Ser/Thr residues. O-GalNAc synthesis is a hierarchical process, whereas O-GlcNAc is a highly dynamic modification. Whether GALNT10 participates in the regulation of p53 stability needs to be further investigated.
Increasing EGFR signaling has been reported to be associated with the development of HBV-associated HCC (68) . Despite the high frequency of EGFR expression in HCC, activation mutations in the EGFR kinase domain are not detected (69) . These results indicate that a different mechanism for the regulation of EGFR function may operate during HCC pathogenesis and progression. Glycosylation plays an important role in EGF binding and hence in kinase activation (70) . Here, we showed that GALNT10 modifies O-glycans on EGFR and subsequent phosphorylation of AKT in HCC. It is 
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noteworthy that EGFR may not be the only acceptor substrate of GALNT10. It is likely that, in addition to EGFR, other glycoproteins, including surface and secreted molecules, may be modified by GALNT10 to cooperatively medi-ate phenotypic changes in HCC. Muc1 (Mucin-1), one of several high molecular weight glycoprotein families that are often heavily O-glycosylated, is often overexpressed in HCC and associated with migration and invasion (71) . Glycopro- , and Huh7 cells stably transfected with empty vector, GALNT10-WT, or -DN, respectively (right). C, cell lysates were immunoprecipitated (IP) with streptavidin beads and then immunoblotted (IB) with anti-EGFR antibody for membrane biotin-labeled SK-Hep1 cells stably transfected with sh-GALNT10 (left panel), and Huh7 cells stably transfected with empty vector, GALNT10-WT or -DN, respectively (right panel). D, cell lysates treated with neuraminidase were pulled down (PD) with VVA and then immunoblotted (IB) with anti-EGFR antibody (upper panel), and the cell lysates treated with neuraminidase were immunoprecipitated with anti-EGFR antibody and then immunoblotted with VVA, PNA, or anti-EGFR antibody (lower panel) for SK-Hep1 cells stably transfected with sh-GALNT10, and Huh7 cells stably transfected with empty vector, GALNT10-WT or -DN, respectively. E, Western blot analysis of GALNT10, AKT, p-Akt(Ser-473), Mcl-1, Bcl-xl, Bcl-2, and GAPDH for SK-Hep1 cells stably transfected with sh-GALNT10 (left panel), and Huh7 cells stably transfected with empty vector, GALNT10-WT, or -DN, respectively (right panel). teomic technology will be helpful to further understand the precise mechanisms.
The oncogenic role of EGFR is well documented, and its activation has been implicated in limiting sorafenib efficiency in HCC (39) . In this work, we found out that miR-122 down-regulation and its target galnt10 overexpression lead to increased tumor growth and survival by modifying EGFR activity. In line with this, a phase III randomized controlled trial of sorafenib conducted in the Asia-Pacific region confirmed that HBV-negative HCC patients had a more significant survival benefit than HBV-positive patients (prolonged median OS 3.7 months versus 1.8 months) (72) . Thus, many clinical trials evaluate the efficacy and safety of sorafenib in combination with anti-EGFR pharmacologic agents for patients with HCC (73). Consistently, we found that knockdown of GALNT10 cooperates with sorafenib to increase apoptosis rates. Furthermore, Fornari et al. (37) reported that miR-122 increases sensitivity to doxorubicin challenge through a p53-dependent and p53-independent manner in hepatoma cells. p53 may regulate sensitivity to the EGFR inhibitor by modulating EGFR downstream signaling functionality and apoptosis induction (74) . We found out that altered GALNT10 influenced the O-glycosylation and activity of EGFR. Therefore, we are motivated to elucidate the potential role of GALNT10 on the doxorubicin. Interestingly, knockdown of GALNT10 expression potentiates the sensitivity of doxorubicin in hepatoma cells. Consistently, the combination of tyrosine kinase inhibitor and doxorubicin was found to be superior to either alone in preclinical models (75) .
On the basis of these results, we propose a schematic model illustrating a possible molecular mechanism and functional FIGURE 8. GALNT10 silencing increases sorafenib and doxorubicin sensitivity of hepatoma cells. A, GALNT10 knockdown SK-Hep1 cells (left panel) and stably transfected with wild-type or inactive form GALNT10 Huh7 cells (right) were treated with sorafenib or doxorubicin for 48 h. Sorafenib concentration for both cells was 5 M, whereas 5 and 0.5 g/ml doxorubicin were applied on SK-Hep1 cells and Huh7 cells, respectively. The cells were harvested, and the apoptotic rates were measured by annexin V apoptosis assay. The summarized results are expressed as the mean Ϯ S.E. of three independent experiments; *, p Ͻ 0.05. B and C, caspase 3/7 activity assay for sorafenib-and doxorubicin-treated SK-Hep1 (B) and Huh7 (C) cells. All values represent mean Ϯ S.E. from three independent experiments; *, p Ͻ 0.05. D, schematic model of Hnf4␣/miR-122/GALNT10/EGFR regulatory pathway in HBV-infected HCC cells.
basis for HBV-associated hepatocarcinogenesis (Fig. 8D ). In conclusion, our results reveal a novel association between HBV infection and the Hnf4␣/miR-122/GALNT10 pathway in the development of HBV-associated HCC, thus revealing a putative molecular mechanism for the development and progression of HBV-associated HCC. These results shed new light for potential therapeutic intervention to prevent hepatocarcinogenesis in the high risk group of chronic hepatitis B patients with chemically modified oligonucleotides or artificial decoys that may depress the endogenous GALNT10 levels.
